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YeastMitochondria autophagy (mitophagy) is a process that selectively degrades mitochondria via autophagy.
Recently, there has been signiﬁcant progress in the understanding of mitophagy in yeast. Atg32, a mitochondrial
outer membrane receptor, is indispensable for mitophagy. Phosphorylation of Atg32 is an initial cue for selective
mitochondrial degradation. Atg32 expression and phosphorylation regulate the induction and efﬁciency of
mitophagy. In addition to Atg32-related processes, recent studies have revealed that mitochondrial ﬁssion and
the mitochondria–endoplasmic reticulum (ER) contact site may play important roles in mitophagy.
Mitochondrial ﬁssion is required to regulate mitochondrial size. Mitochondria–ER contact is mediated by the
ER–mitochondria encounter structure and is important to supply lipids from the ER for autophagosome
biogenesis for mitophagy. Mitophagy is physiologically important for regulating the number of mitochondria,
diminishing mitochondrial production of reactive oxygen species, and extending chronological lifespan under
caloric restriction. These ﬁndings suggest that mitophagy contributes to maintain mitochondrial homeostasis.
However, whethermitophagy selectively degrades damaged or dysfunctional mitochondria in yeast is unknown.
This article is part of a Special Issue entitled: Mitophagy.
© 2015 Elsevier B.V. All rights reserved.1. Introduction
Autophagy is a catabolic process that delivers cytoplasmic proteins
or organelles to lysosomes in mammalian cells or vacuoles in yeast,
and is conserved in almost all eukaryotes. Autophagy is initiated in re-
sponse to cellular stresses, such as nutrient starvation, oxidative stress,
infection, and inﬂammatory stimuli. Upon induction of autophagy, a
cup-shaped double-membrane structure, called an isolationmembrane
(or phagophore), emerges in the cytoplasm. The isolation membrane
then elongates with curvature and ﬁnally becomes enclosed, forming
an autophagosome containing cytoplasmic components. Subsequently,
autophagosomes fuse with lysosomes/vacuoles, and lysosomal hydro-
lases degrade the sequestered material [1–5]. As well as a response to
cellular stress, autophagy plays diverse roles in cellular development,
tumor suppression, immune responses, aging, and in the prevention of
many diseases in mammals, such as infection, neurodegenerative
disease, cardiomyopathy, and diabetes [6–9].
Although autophagy was initially thought as a nonselective degrada-
tive pathway, recent evidence has been accumulating that autophagy
can selectively degrade speciﬁc organelles or proteins [10]. Mitochondria,
peroxisomes, ribosomes, endoplasmic reticulum (ER), lipid droplets, pro-
tein aggregates, and invasive microbes are recognized as selective au-
tophagic cargo, and these selective autophagic processes are termed
mitophagy [11], pexophagy [12], ribophagy [13], ERphagy [14], lipophagygy.
81 25 227 0769.[15], aggrephagy [16,17], and xenophagy [18], respectively. In addition to
organelle-speciﬁc autophagy, the cytoplasm-to-vacuole targeting (Cvt)
pathway delivers at least two resident hydrolases, aminopeptidase I
(Ape1) and α-mannosidase (Ams1), to the vacuole via an autophagy-
like process [19]. The Cvt pathway is now known to be a type of selective
autophagy and is observed only in yeast.
Autophagy was ﬁrst studied in mammalian cells using electron
microscopy in the 1960s. However, the molecular realm of autophagy
began with the identiﬁcation of the autophagy-related (ATG) genes by
genetic screening in the 1990s in yeast [19–25]. Studies in Saccharomy-
ces cerevisiae and other fungi have resulted in the isolation of 37 ATG
genes that are required for nonselective and/or selective autophagy,
and the biological properties of most Atg proteins have been
characterized.
Themitochondrion is an organelle that carries out several important
metabolic processes, such as energy production, storage of calcium ions,
and regulation of apoptosis. Mitochondrial oxidative phosphorylation
produces a large amount of energy, which contributes to a range of
cellular activities. However, this process also generates reactive oxygen
species (ROS) as a natural byproduct. ROS cause oxidative damage to
mitochondrial lipids, DNA, and proteins. Damagedmitochondria gener-
ate increased levels of ROS, which in turn damage mitochondria more
severely. Moreover, accumulation of this damage is related to aging,
cancer, and neurodegenerative disease [26]. Therefore, maintaining
the quality and quantity of mitochondria is important, and accordingly,
the cell has evolved speciﬁc mechanisms to ensure quality and quantity
control systems. An example of these mechanisms is the ﬁnding that
mitochondria have internal quality control systems, including a protein
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phospholipid hydroperoxide glutathione peroxidase [32]. In addition,
researchers have recently suggested that mitophagy selectively
degrades damaged or excess mitochondria, and as a result, maintains
mitochondrial quality and quantity [33–36].
In recent years, there has been signiﬁcant progress in the study of
mitophagy. In mammalian cells, several mitophagy-related factors,
such as Nix/BNIP3L and BNIP3, FUNDC1, Parkin, PTEN-induced putative
kinase 1 (PINK1), and optineurin, have been identiﬁed [34,37–43]. Nix/
BNIP3L and BNIP3 are mitochondrial outer membrane proteins that are
required for autophagic elimination of mitochondria during erythroid
cell maturation [38,39]. FUNDC1 is also a mitochondrial outer mem-
brane protein and binds with LC3 (the ortholog of yeast Atg8) and
ULK1 (the ortholog of yeast Atg1) to induce mitophagy upon hypoxia
or carbonylcyanide p-triﬂuoromethoxyphenylhydrazone treatment
[40,42]. Parkin and PINK1 are encoded by the PARK2 and PARK6 genes,
respectively; both are responsible for familial Parkinson's disease [44,
45]. PINK1 targets the mitochondrial inner membrane in energized
mitochondria, is cleaved by MPP or PARL, and then is released into the
cytosol or degraded within mitochondria [46,47]. When mitochondria
are depolarized, PINK1 cannot translocate across the mitochondrial
outer membrane and accumulates on the outer membrane of
depolarized mitochondria [36,48]. Parkin, an E3 ubiquitin ligase, then
translocates to the mitochondria in a PINK1-dependent manner and
ubiquitinates many mitochondrial outer membrane proteins. The
ubiquitinated mitochondria are eventually degraded by mitophagy
[34,36,41,48–53]. Optineurin accumulates on ubiquitinated mitochon-
dria and recruits DFCP1 and LC3 to lead to autophagosome formation
for mitophagy [43]. Although mitophagy in mammalian cells has been
intensively studied, many open questions remain, such as whether
Nix, FUNDC1, and Parkin–PINK1 cooperate to degrade mitochondria.
In contrast, the molecular mechanisms of mitophagy in yeast are
relatively well understood because of the identiﬁcation and characteri-
zation of the indispensable mitophagy factor Atg32 (Fig. 1). In thisS
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Fig. 1.Molecularmechanisms ofmitophagy in yeast. The cell surface stress sensors, Sln1 andW
Downstream of Hog1, CK2 phosphorylates Ser-114 and Ser-119 on Atg32. Atg11 interacts with
the pre-autophagosomal structure/phagophore assembly site (PAS) where the autophagosom
(AIM) onAtg32 interacts with Atg8, which anchors on the isolationmembrane, and theAtg32–A
dria. Autophagosomes carrying mitochondria eventually fuse with vacuoles for mitochondrial
mitophagy have not been identiﬁed yet.review, we summarize the molecular mechanisms and physiological
role of mitophagy, including recent progress in yeast.
2. Molecular mechanisms of mitophagy
2.1. Mitophagy, a type of autophagy
There are three morphologically different types of autophagy:
macroautophagy, microautophagy, and chaperone-mediated autopha-
gy (CMA). Macroautophagy is a well-known type of autophagy that
involves autophagosomes containing cytoplasmic components that de-
liver their cargo to lysosomes/vacuoles for degradation. In contrast to
macroautophagy, microautophagy sequesters cytoplasmic components
by direct invagination or protrusion/septation of the lysosomal or vacu-
olar membrane [54]. CMA is a chaperone-dependent process that relies
on cytosolic and lysosomal hsc70 to move substrates into the lysosome
lumen. CMA has been identiﬁed in higher eukaryotes, but not in yeast
[55]. Although mitophagy is a type of autophagy, whether mitophagy
belongs to macroautophagy or microautophagy is still unclear. Kissova
et al. and Nowikovsky et al. found direct invagination of mitochondria
within vacuolar membranes by electron microscopy, suggesting that
mitophagy belongs to microautophagy [56,57]. In contrast, Okamoto
et al. and Kanki et al. found autophagosomes containing mitochondria
by electron microscopy, suggesting that mitophagy belongs to
macroautophagy [58,59]. The size of autophagic bodies containing
mitochondria is similar to the size of those containing cytosolic compo-
nents, suggesting that the mechanism of autophagosome formation in
mitophagy is similar or the same as that of nonselective autophagy
[58,59]. In addition, most of the ATG genes that are essential for
nonselective autophagy are also required for mitophagy. In 2004,
Kissova et al. ﬁrst reported that ATG5 is essential for mitophagy [60].
Since then, the role of most of the ATG genes in mitophagy has been ex-
amined [56,59,61–64] (Table 1). In addition to the ATG genes, CCZ1 and
MON1 (which are required for autophagosome fusion with vacuoles),PASS
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sc1, detect mitophagy-inducing stimuli and activate the Hog1 and Slt2 signaling pathways.
Atg32 depending on phosphorylation of Ser-114 on Atg32. Atg11 recruits mitochondria to
e is generated to enclose the mitochondria. At the PAS, the Atg8-family interacting motif
tg8 interaction facilitates the formation of the autophagosome surrounding themitochon-
degradation. The factors downstream of the Slt2 signaling pathway that are required for
Table 1
Requirement for ATG genes in macroautophagy, pexophagy, and mitophagy in
S. cerevisiae.
ATG genes Macroautophagy Pexophagy Mitophagy References
ATG1 ++ ++ ++ [19,20,62,63]
ATG2 ++ ++ ++ [20,59,117]
ATG3 ++ NA ++ [20,59]
ATG4 ++ NA ++ [20,59]
ATG5 ++ ++ ++ [19,20,60]
ATG6 ++ NA ++ [20,63]
ATG7 ++ ++ ++ [19,20,59,118]
ATG8 ++ ++ ++ [19,20,63]
ATG9 ++ ++ ++ [20,56,61,119]
ATG10 ++ ++ ++ [19,59]
ATG11 − ++ ++ [61,65]
ATG12 ++ NA ++ [20,63]
ATG13 ++ NA + [20,59,64]
ATG14 ++ ++ ++ [19,20,59]
ATG15⁎ (++) (++) (++) [59,120–122]
ATG16 ++ NA ++ [20,59]
ATG17 ++ + + [59,61,64,123–125]
ATG18 ++ ++ ++ [59,126,127]
ATG19 − − − [61,128]
ATG20 − + + [59,61,129]
ATG21 − NA +/− [59,64,130]
ATG22 − NA − [59,131]
ATG23 − − + [59,119]
ATG24 − + + [59,61,64,129]
ATG26 − − − [59,132]
ATG27 + + + [59,133,134]
ATG29 ++ + +/− [59,61,135]
ATG31 ++ ++ +/− [59,61,136]
ATG32 − − ++ [58,59]
ATG33 − − + [64]
ATG34 − NA NA [76]
ATG36 − ++ − [68]
ATG38 ++ − − [137]
Phenotypes of indicated gene knockout strain:++, severe defect;+, partial defect;−, no
defect.
⁎ This gene encodes a lipase; the cargo can be delivered into thevacuole, but cannot be
degraded.
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VPS41 (which are also required for nonselective autophagy), and PEP4
(a vacuolar protease) have been shown to be required for mitophagy
[59,64]. These ﬁndings suggest that most of the molecular processes of
mitophagy—from forming autophagosomes to delivering cargo into
vacuoles—are the same as those of nonselective autophagy. The salient
difference between mitophagy and nonselective autophagy is that
mitophagy selects mitochondria as a cargo.
2.2. Atg11, a protein for selective autophagy
Atg11 is an adaptor protein for selective autophagy that is localized
in the cytosol. ATG11, the gene encoding the Atg11 protein, was ﬁrst
reported as essential for the Cvt pathway in S. cerevisiae [19]. This
gene is essential for pexophagy in Pichia pastoris. Interestingly, Atg11
is not required for nonselective autophagy [65]. Because the Cvt path-
way and pexophagy are types of selective autophagy, Atg11 was
thought to work at the point of cargo selection [65]. In fact, Atg11
works as an adaptor protein, interacts with cargo-speciﬁc receptor
proteins, and recruits the cargo to the pre-autophagosomal structure/
phagophore assembly site (PAS), where the initial sequestering
membrane structure is generated. In the Cvt pathway, Atg19 is a recep-
tor protein that binds the Ape1 complex, which is composed of prApe1
and Ams1, to form the Cvt complex. Atg11 interactswith Atg19 to select
and recruit the Cvt complex to the PAS [66]. Similarly, during pexophagy
in P. pastoris, PpAtg30 is a receptor protein of pexophagy that localizes
to peroxisomes, where it subsequently binds PpAtg11, allowing recruit-
ment of peroxisomes to the PAS [67]. Recently, a receptor protein for
pexophagy, Atg36, was identiﬁed in S. cerevisiae. Atg36 also localizesto peroxisomes and interacts with Atg11 to select peroxisomes as a
cargo [68].
2.3. Atg32, a receptor for mitophagy
Two research groups performed a genome-wide screen for mutants
that are defective in mitophagy; one group identiﬁed 36 mutants and
the other identiﬁed 32 mutants [59,64]. From these screens, ATG32was
identiﬁed as indispensable for mitophagy. Deletion of ATG32 completely
inhibits mitophagy, but does not affect bulk autophagy, the Cvt pathway,
or pexophagy [58,59], indicating that ATG32 is amitophagy-speciﬁc gene.
To date, the ortholog of Atg32 has not been identiﬁed in mammals.
Atg32, the protein encoded by ATG32, is composed of 529 amino acids
and is predicted to have a single transmembrane domain. Atg32 is located
in themitochondrial outer membrane with its N- and C-terminal regions
oriented towards the cytosol and the mitochondrial intermembrane
space (IMS), respectively [58,59] (Fig. 2). Because Atg32 is a mitophagy-
speciﬁc protein and localizes in the mitochondrial outer membrane,
Atg32 was speculated to be a receptor protein for mitophagy. In fact,
yeast two-hybrid and immunoprecipitation experiments have shown
that Atg32 interacts with Atg11 [58,59]. Notably, the Atg32–Atg11 inter-
action is dramatically increased under mitophagy-inducing conditions.
2.4. Phosphorylation mediates the Atg32–Atg11 interaction
The role of the C-terminus IMS region of Atg32 is unclear. Deletion of
the IMS region of Atg32 marginally affects the efﬁciency of mitophagy,
suggesting that the C-terminal IMS region of Atg32 is dispensable for
mitophagy [69,70]. In contrast, Wang et al. reported that processing of
the IMS of Atg32 by Yme1 is an important regulatory mechanism of
mitophagy [71]. The transmembrane domain of Atg32 is required for
its mitochondrial outer membrane targeting because Atg32 lacking
this domain cannot localize on mitochondria and cannot induce
mitophagy [69,70]. The N-terminal cytosolic region of Atg32 is essential
for mitophagy. Interestingly, when this region is artiﬁcially anchored on
peroxisomes, the peroxisomes are degraded by autophagy [70],
suggesting that the cytosolic region of Atg32 is sufﬁcient to function as
a receptor of selective autophagy.
Atg32 is phosphorylated when mitophagy is induced. While more
than two residues on Atg32 appear to be phosphorylated, Ser-114 and
Ser-119 are the dominant residues for phosphorylation [69]. Yeast two-
hybrid analysis has shown that the N-terminal 150 amino acids of Atg32
are essential for the Atg32–Atg11 interaction, and Ser-114 and Ser-119
are within the Atg11-interacting residues. Therefore, phosphorylation of
Ser-114 and/or Ser-119might be important for the Atg32–Atg11 interac-
tion. As expected, a previous study showed that a Ser-114-to-Ala mutant
of Atg32 did not interact with Atg11, and as a result could not induce
mitophagy, while a Ser-119-to-Ala mutant of Atg32 only marginally af-
fected mitophagy [69]. Similarly, phosphorylation of Ser-159 on
PpAtg32, a residue corresponding to Ser-114 on Atg32 (Fig. 3), is essential
formitophagy in P. pastoris [72,73]. Theseﬁndings suggest that phosphor-
ylation of Ser-114 on Atg32 (serine 159 on PpAtg32) is an initial molecu-
lar switch for selective mitochondrial degradation.
Recently, phosphorylation-dependent receptor–adaptor interac-
tions, such as the Atg32–Atg11 interaction, have been identiﬁed in
another selective autophagy process. Ser-391 and Ser-394 of Atg19
are phosphorylated by the protein kinaseHrr25 and the phosphorylated
Atg19 interacts with Atg11 [74,75]. Similarly, Ser-383 on Atg34, the α-
mannosidase Ams1-selective autophagy receptor [76], and Ser-97 on
Atg36, the pexophagy receptor in S. cerevisiae [68], are also phosphory-
lated byHrr25. These phosphorylated receptors interact with Atg11 [74,
75,77]. In P. pastoris, Ser-112 on PpAtg30 is phosphorylated, and phos-
phorylated PpAtg30 interacts with PpAtg11 [73]. Interestingly, the
phosphorylation sites of PpAtg30, Sc/PpAtg32, and ScAtg36 include
the I/V-L-Sphos-S/I-S common sequence (Fig. 3A). This sequence might
be the consensus sequence for Atg11 interaction. Atg19 and Atg34
9251
TMD
389 411
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114119
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Fig. 2. Structure and domains of Atg32. Atg32 consists of 529 amino acidswith a single transmembrane domain (TMD). Atg32 is located in themitochondrial outermembrane (OM)with
the N- and C-terminal domains oriented towards the cytosol and themitochondrial intermembrane space (IMS), respectively. The N-terminal cytosolic region of Atg32 contains the Atg8-
family interacting motif (AIM), which interacts with Atg8 and an Atg11-interacting region.
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is also important for Atg11 interaction. However, there is only
some similarity between these two consensus sequences, such as
the I/V-L/I/M-S motif. Further studies are required, especially of mo-
lecular structure, to understand the phosphorylation-mediated re-
ceptor–Atg11 interaction.2.5. Atg32–Atg8 interaction
Atg8 is a ubiquitin-like protein that is conjugated to the lipid phospha-
tidylethanolamine (PE), which localizes to the isolation membrane [78].
The Atg8-family interacting motif (AIM) or the LC3-interacting region
(LIR) is a WXXL-like sequence (W/Y-X-X-L/I/V) and is found in most of
the adaptor proteins for selective autophagy from yeast to mammals
[79]. As shown in Fig. 3B, the receptor proteins Atg32, Atg34, Atg36,
PpAtg30, and PpAtg32 have an AIM/LIR. Similarly, in mammals, the
mitophagy receptor, Nix, and the autophagic receptors for ubiquitinated
proteins, p62 and NBR1, have this motif (Fig. 3B). Atg32 possesses an
AIM/LIR in its cytosolic region and interacts with Atg8 (Fig. 2) [59,70].
An AIM/LIR is not essential for mitophagy because mutation of the AIM/
LIR in Atg32 (from WQAI to AQAA) only partially affects efﬁciency of
mitophagy [70]. Interestingly, recent reports have shown that isolation
membrane-integrated, PE-conjugated Atg8 (Atg8–PE) recruits Atg12–
Atg5 to the membrane, and then Atg16 crosslinks Atg8–PE–Atg12–Atg5
complexes to form a continuous two-dimensional membrane scaffold
with meshwork-like architecture [80,81]. The Atg32–Atg8 interaction
may facilitate formation of autophagosomes surrounding mitochondria
by connecting mitochondrial Atg32 to the autophagosome concave face,
where Atg8–PE–Atg12–Atg5–Atg16 form a meshwork-like architecture.
In addition, a recent report showed that phosphorylation of serine or
threonine residues located immediately upstream of the AIM/LIR of
Atg32 or PpAtg32 is required for the Atg32–Atg8 interaction [73]. This
ﬁnding suggests that the Atg32–Atg8 interaction is also regulated by
phosphorylation.A
S. cerevisiae Atg32 107:TTNG-SILSSSDTSEEE
P. pastoris Atg32 151:TGNGESVLSSSEY-EET
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Fig. 3. Sequence alignment of the Atg11-interacting region and the Atg8-family interactingmot
autophagy receptor proteins. (B) Sequence alignment of the AIM of the indicated proteins.2.6. Mitochondrial ﬁssion and the mitochondria–ER contact site are related
to mitophagy
Mitochondrial fusion andﬁssion frequently occur, and the shape and
size of mitochondria depend on the balance between them [82].
Because the size of mitochondria degraded by mitophagy should be
smaller than that of autophagosomes, mitochondrial ﬁssion machinery
may be essential for mitophagy to make mitochondria smaller than
autophagosomes. In fact, several studies have suggested thatmitochon-
drialﬁssion is related to efﬁciency ofmitophagy inmammalian cells [35,
51,83–86]. However, the role of mitochondrial ﬁssion in mitophagy is
still controversial in yeast. Dnm1, Fis1, Mdv1, and Caf4 are known
factors for mitochondrial ﬁssion in yeast [87–91]. Mao et al. and
Abeliovich et al. showed that dnm1-, ﬁs1-, andmdv1/caf4-deleted strains
signiﬁcantly suppressed mitophagy [92,93]. Mao et al. further analyzed
the role for Dnm1 in mitophagy. When mitophagy is induced, Atg11
recruits themitochondrial ﬁssionmachinery by the Atg11–Dnm1 inter-
action, and the recruited ﬁssion machinery divides mitochondria to
facilitate mitophagy. The C-terminal GTPase effector domain of Dnm1
is required for the Atg11–Dnm1 interaction. Dnm1 with a mutation in
this domain does not affect mitochondrial ﬁssion, but loses its interac-
tionwithAtg11. TheDnm1mutant cannot inducemitophagy efﬁciently,
suggesting that Atg11 recruits the ﬁssion machinery to the mitophagy
site, and the ﬁssion machinery divides themitochondria for mitophagic
cargo (Fig. 4) [92]. However, a genome-wide screen for mitophagy-
deﬁcient mutants did not identify mitochondrial ﬁssion machinery as
essential factors for mitophagy, although only the dnm1 mutant was
identiﬁed to slightly suppress mitophagy [59,64]. In addition, Mendl
et al. reported that all of the mitochondrial ﬁssion machinery (Dnm1,
Fis1, Mdv1, and Caf4) is not required for rapamycin-inducedmitophagy
[94]. If mitochondrial ﬁssion machinery is not required for mitophagy,
there may be another system that makes mitochondria smaller than
autophagosomes, or mitophagy occurs by microautophagy. Further
study is required to clarify the relationship between mitochondrial
ﬁssion and mitophagy.S. cerevisiae Atg32
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Fig. 4.Mitochondrial ﬁssion and the mitochondria–endoplasmic reticulum contact site play a role in mitophagy. When mitophagy is induced, the Atg32–Atg11 interaction marks mito-
chondria destined for degradation, and the ﬁssion complex (Dnm1 and Fis1) is recruited through an interaction between Dnm1 and Atg11. The ER–mitochondria encounter structure
(ERMES) complex also localizes on degrading mitochondria and facilitates mitophagy, presumably supplying lipids from the endoplasmic reticulum (ER) for extension of the isolation
membrane.
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counter structure (ERMES), which is composed of Mmm1, Mdm10,
Mdm12, and Mdm34 [95]. Bockler and Westermann recently reported
that deletion of one of the ERMES components severely suppressed
mitophagy. Because ERMES colocalizes with Atg5, Atg8, Atg9, Atg14,
and Atg32 when mitophagy is induced, this research group speculated
that the ER–mitochondria contact site is important to supply lipids
from the ER for autophagosome biogenesis for mitophagy [96].
Mitochondrial ﬁssion might occur at the ER–mitochondria contact site
[97]. Mao et al. found that the ERMES components Mdm12 and
Mdm34 colocalize with Atg11 and Atg32 when mitophagy is induced
[92]. This ﬁnding suggests that ERMES plays a role in mitochondrial
ﬁssion to facilitate mitophagy. The importance of ER–mitochondria
contact in mitophagy has recently been suggested in mammalian cells.
Yang and Yang reported that impaired mitochondria by photo-
inactivation are sequestered by isolation membranes or omegasomes,
which form from ER–mitochondria contact sites in HeLa cells [98]. The
relationships among mitochondrial ﬁssion, ERMES, and mitophagy in
yeast are summarized in Fig. 4.
2.7. Other mitophagy-related factors
Aup1, Whi2, and Atg33 have been reported as related to mitophagy.
Whi2 functions in the general stress response and the Ras-protein kinase
A signaling pathway [99]. Mendl et al. showed that deletion ofWHI2 af-
fects mitophagy and proposed that mitophagy is linked to the general
stress response and the Ras-protein kinase A signaling pathway [94].
However, Mao et al. reported that deletion of WHI2 did not affect
mitophagy that was induced by nitrogen starvation [92]. Therefore, the
role ofWhi2 in mitophagy is still controversial. Aup1, which was identi-
ﬁed by a screen for protein phosphatase homologs that interactwith the
serine/threonine kinase Atg1, is thought to be required for efﬁcient
mitophagy to survive in prolonged stationary phase culture in amedium
containing lactate as the sole carbon source [62]. Interestingly, deletion
of RTG3, a transcription factor that mediates the retrograde signaling
pathway, causes a defect in stationary phase mitophagy, and deletion
of AUP1 leads to alterations in the patterns of Rtg3 phosphorylationunder these conditions [100]. These ﬁndings suggest that the function
of Aup1 in mitophagy may be regulation of Rtg3-dependent transcrip-
tion. However, how the mitochondrial intermembrane space protein
Aup1 affects cytosolic Rtg3 phosphorylation is still unclear. Atg33 is a
mitochondrial outer membrane protein that was identiﬁed by a
genome-wide screen for mitophagy [64]. Deletion of Atg33 partially
suppresses mitophagy induced by rapamycin or at the post-log phase
[64,101]. However, the role of Atg33 in mitophagy has not yet been
identiﬁed.
3. Regulation of mitophagy
3.1. Induction of mitophagy in yeast
Mitophagywas originally thought to be rarely induced in S. cerevisiae
under common culture conditions used by most laboratories. To induce
mitophagy, cells were pre-cultured in a nonfermentable medium that
facilitates the proliferation ofmitochondria (e.g., where lactate or glycer-
ol is the sole carbon source) and then exposed to nitrogen starvation or
the Tor inhibitor rapamycin [60,62]. Mitophagy is also induced during
the stationary phase when yeast cells are cultured in a nonfermentable
medium [60–62]. However, mitophagy was recently reported to be in-
duced when cells are pre-cultured in a fermentable medium and then
exposed to nitrogen starvation [96,102], although fewer mitochondria
are degraded by mitophagy than when the cells are cultured in a
nonfermentable medium. Interestingly, mitophagy is easily induced in
P. pastoris compared with in S. cerevisiae. S. cerevisiae is a fermenting
yeast and has fewer mitochondria available for degradation during
fermentation. P. pastoris is a low-fermenting yeast that always has a
certain number of mitochondria, independent of the type of carbon
source available in the medium. Therefore, mitophagy can be efﬁciently
inducedwhen cells are pre-cultured, even in a fermentablemedium, and
then exposed to nitrogen starvation in P. pastoris [72].
In mammalian cells, there is accumulating evidence that dysfunc-
tional (or depolarized) mitochondria are degraded by mitophagy [34,
35]. An example of this situation is that an uncoupler, such as carbonyl
cyanide m-chlorophenylhydrazone (CCCP) or the herbicide paraquat,
2761T. Kanki et al. / Biochimica et Biophysica Acta 1853 (2015) 2756–2765efﬁciently induces mitophagy [34,36,51]. In contrast, in yeast, CCCP or
paraquat only slightly induces mitophagy [58,60].
3.2. Kinases related to mitophagy
Twomitogen-activated protein kinases (MAPKs), Hog1 and Slt2, are
related to mitophagy in yeast (Fig. 1) [69,103]. A genome-wide yeast
mutant screen for mitophagy showed that the MAPK kinase kinase
Bck1 is required for mitophagy [64]. Bck1 is involved in the cell wall
integrity signaling pathway, which includes Pkc1, Bck1, redundant
Mkk1/2, and Slt2 kinases [104]. Mao et al. examined the relationship
between mitophagy and the Slt2 signaling pathway and found that
the Pkc1–Bck1–Mkk1/2–Slt2 signaling pathway is required for
mitophagy [103]. Although there are six plasma membrane or ER
membrane sensors upstream of the Slt2 signaling pathway—Wsc1,
Wsc2, Wsc3, Wsc4, Mid2, and Mtl1 [104]—Wsc1 is predominantly in-
volved in induction of mitophagy [103].
Hog1 is a kinase integral to the osmoregulatory signal transduction
cascade (HOG signaling pathway) [105]. Mao et al. and Aoki et al.
reported that Hog1 is required for mitophagy [69,103]. Mao et al.
analyzed the upstream components of the HOG signaling pathway to
determine if it was related tomitophagy. They found that Sln1 (a sensor
in the plasma membrane), Ssk1 (a cytoplasmic response regulator
downstream of Sln1), and Pbs2 (a MAPK kinase just upstream of
Hog1) were related to mitophagy [103]. Aoki et al. identiﬁed Hog1 as
a phosphorylator of Atg32-related kinase. Phosphorylation of Atg32 is
an essential step that mediates the Atg32–Atg11 interaction and
mitophagy. A HOG1-deleted strain suppressed Atg32 phosphorylation
and could not induce mitophagy efﬁciently [69]. Although Hog1 is
required for Atg32 phosphorylation, this kinase cannot phosphorylate
Atg32 in vitro, suggesting that Hog1 is not a kinase that directly
phosphorylates Atg32 [69].
Casein kinase 2 (CK2) was recently reported to be essential for Atg32
phosphorylation [106]. In a CK2 temperature-sensitive mutant strain, or
a CK2 speciﬁc inhibitor (4,5,6,7-tetrabromo-benzotriazole)-treated
strain, phosphorylation of Atg32 is suppressed and, as a result, the
Atg32–Atg11 interaction and mitophagy are suppressed. In vitro, CK2
can phosphorylate recombinant wild-type Atg32, but not a Ser-114/
119-to-Ala mutant [106]. These ﬁndings suggest that CK2 directly phos-
phorylates Atg32 to inducemitophagy. BecauseHog1 is also related indi-
rectly to Atg32 phosphorylation, the Hog1 signaling pathway should be
upstream of CK2 and regulate Atg32 phosphorylation. However, how
Hog1 regulates Atg32 phosphorylation by CK2 has not been clariﬁed.
3.3. Regulation of Atg32 expression and processing
A recent study reported that Atg32 expression was suppressed by
Tor and the Ume6–Sin3–Rpd3 complex (Fig. 5) [72]. In P. pastoris,URS ATG32
Ume6
Sin3
Rpd3
Tor
Starvation Rapamycin
At
Oxidative
NAC
Fig. 5.Regulation of Atg32 expression. Transcription of ATG32 is suppressed by the Ume6–Sin3–
promoter region. Inhibition of Tor releases the Ume6–Sin3–Rpd3 complex and ATG32 can be tra
to the mitochondrial outer membrane. When mitophagy is induced, the C-terminal intermemb
teraction and mitophagy.PpAtg32 is barely expressed under normal culture conditions but is
expressed after nitrogen starvation. In PpSin3- or PpRpd3-deleted
cells, PpAtg32 is efﬁciently expressed without nitrogen starvation.
Chromatin immunoprecipitation assays show an interaction of PpSin3
with the promoter of PpATG32. Deletion of 301–350 bp upstream of
the PpATG32 open reading frame induces PpAtg32 expression without
nitrogen starvation. This suggests that the deleted promoter region of
PpATG32 contains the upstream repression sequence where PpSin3
and PpRpd3 interact to inhibit PpATG32 transcription. Inhibition of Tor
by rapamycin induces PpAtg32 expression, but results in neither
PpAtg32 phosphorylation nor induction of mitophagy [72]. These
ﬁndings suggest that PpAtg32 expression is suppressed by Tor and the
downstream PpSin3–PpRpd3 complex, and that PpAtg32 expression
and phosphorylation are regulated independently. Similarly, in
S. cerevisiae, Atg32 expression is suppressed by Tor and the downstream
Ume6–Sin3–Rpd3 complex [72]. Cooperation of Atg32 expression and
phosphorylation is important for mitophagy, because when Atg32
expression is suppressed, mitophagy cannot be efﬁciently induced,
even if Atg32 is phosphorylated [72].
Cellular oxidative stress is thought to positively affect mitophagy
(Fig. 5). Defﬁeu et al. observed that N-acetylcysteine and cysteine,
which increase cellular levels of reduced glutathione, prevented
mitophagy [107]. Okamoto et al. reported that N-acetylcysteine
suppressed the expression of Atg32 and as a result, inhibitedmitophagy
[59]. These ﬁndings suggest that Atg32 expression and mitophagy are
affected by cellular oxidative conditions. Currently, the relationships
among cellular oxidative conditions and Tor and the downstream
Ume6–Sin3–Rpd3 complex are unclear.
Yme1 is a catalytic subunit of i-AAA protease, which is localized in
the mitochondrial inner membrane. Yme1 processes the C-terminal
IMS domain of Atg32. The yme1Δ or protease inactive yme1E541Q strain
signiﬁcantly blocks mitophagy and the Atg32–Atg11 interaction,
suggesting that the processing of Atg32 by Yme1 positively affects
efﬁciency of mitophagy (Fig. 5) [71]. However, Welter et al. reported
that the yme1Δ strain shows up-regulation of mitophagy [101]. In
addition, deletion of the C-terminal IMS region of Atg32 marginally
affects efﬁciency of mitophagy [69,70]. Therefore, the role of Yme1 in
mitophagy is still controversial.
4. Physiological relevance of mitophagy in yeast
The current belief is that mitophagy eliminates dysfunctional
mitochondria and contributes tomitochondrial quality control. Howev-
er, there is limited evidence to support this idea in yeast. Fmc1 is a
mitochondrial matrix protein that is required for assembly or stability
of the F1 sector ofmitochondrial FoF1 ATP synthase [108]. In the temper-
ature sensitive fmc1mutant, the FoF1 ATPase subunits aggregate and the
mitochondrial membrane potential is impaired at 37 °C. Autophagy isg32
Yme1
 stress
Rpd3 complex, which interacts with the upstream repression sequence (URS) of the ATG32
nscribed. Oxidative stress can also induce expression of Atg32. Expressed Atg32 is targeted
rane space (IMS) domain of Atg32 is processed by Yme1 to facilitate the Atg32–Atg11 in-
2762 T. Kanki et al. / Biochimica et Biophysica Acta 1853 (2015) 2756–2765induced in this mutant and mitochondria are eliminated at 37 °C [109].
Mdm38 is a mitochondrial inner membrane protein that is involved in
membrane insertion of mitochondrially synthesized proteins [110,
111]. Mdm38 is also thought to be required for K+/H+ and/or Ca2+/
H+ exchange activity of the mitochondrial inner membrane [112,113].
In the mdm38Δmutant, mitochondria lose their membrane potential,
appear swollen, and are eventually eliminated by autophagy [57].
Although these ﬁndings suggest that dysfunctional mitochondria are
eliminated by autophagy, they cannot provide direct evidence that
mitophagy contributes to mitochondrial quality control. In addition,
the mitophagy-deﬁcient atg32Δ strain does not show any phenotype
regarding cell growth, viability, ormitochondrial function under normal
culture conditions [58,59].
Kurihara et al. found that mitophagy is important for the regulation
of mitochondrial volume to minimize ROS production from mitochon-
dria, and as a result, maintains the quality of mitochondria in
S. cerevisiae [33]. The number of mitochondria changes depending on
metabolism in S. cerevisiae. When cells that contain a substantial num-
ber of mitochondria are exposed to cellular stresses, such as nitrogen
starvation, they eliminate mitochondria, which produce unwanted
ROS. In the mitophagy-deﬁcient atg32Δ or atg11Δ strains, cells cannot
adequately eliminate mitochondria and the undegraded mitochondria
produce excess ROS. More speciﬁcally, when wild-type cells are pre-
cultured in nonfermentablemedium and encounter nitrogen starvation,
they induce mitophagy and quickly eliminate mitochondria that have
proliferated during respiratory growth. As a result, cellular ROS produc-
tion, which is mainly caused by mitochondria, is suppressed. However,
in mitophagy-deﬁcient atg32Δ or atg11Δ cells, undegraded mitochon-
dria produce excess ROS. ROS damage mitochondria, and damaged mi-
tochondria produce further ROS, ﬁnally leading to mitochondrial DNA
deletion. By this vicious cycle, severe mtDNA damage occurs and cells
show a “petite” phenotype (Fig. 6) [33]. A similar ﬁnding was observedCellular stress
ROS
Antioxidan
ROS
Antioxidan
Cellular stress
Remaining mitochondria
produce
excess ROS
Elimination of mitochondria
and
reduced ROS production
Mitophagy deficient cell
Wild-type cell
Fig. 6. Physiological importance of mitophagy in yeast. When cells encounter cellular stress, suc
species (ROS) production in wild-type cells. Inmitophagy-deﬁcient cells, the remaining mitoch
dria producemoreROS. Eventually, ROS-damagedmitochondrial DNA(mtDNA) and cellswith d
damaged.in the proteasome-inactivated quiescent state of the ﬁssion yeast
Schizosaccharomyces pombe [114]. Inactivation of the proteasome
results in an accumulation of cellular ROS. Mitophagy contributes to
preventing accumulation of ROS by eliminating mitochondria [114].
These ﬁndings suggest that mitophagy is required to regulate the
number of mitochondria to minimize ROS production, and as a result,
maintains the quality of mitochondria and cellular homeostasis.
A recent report showed that some mitochondrial matrix proteins
undergo mitophagy with differential kinetics in S. cerevisiae [93]. This
ﬁnding suggests that the physiological role of mitophagy is not limited
to regulating mitochondrial volume en masse and reducing ROS
production, but it alsomaintainsmitochondrial quality by preferentially
degrading speciﬁc components of the mitochondrial matrix.
Richard et al. found thatmitophagyplays a pivotal role in longevity ex-
tension by a caloric restriction diet in chronologically aging yeast [115].
They found that under caloric restriction conditions in mitophagy-
deﬁcient cells, mitochondrial function is decreased, as shown by abnor-
mal mitochondrial morphology, decreased cellular O2 consumption,
decreased mitochondrial inner membrane potential, increased cytosolic
cytochrome C release frommitochondria, and reduced cellular ATP levels.
This mitochondrial dysfunction is in part due to disability of oxidative
phosphorylation complexes and increased mitochondrial ROS produc-
tion. They also found that mitophagy is required for maintaining the
homeostasis of membrane lipids in mitochondria, the endoplasmic
reticulum, and the plasma membrane [115]. These ﬁndings suggest that
mitophagy is important for maintaining mitochondrial quality and
cellular lipid composition under caloric restriction.
5. Perspectives
In this review, we describe recent progress in studies on mitophagy
in yeast. Identiﬁcation of the mitophagy receptor protein, Atg32, hast
t
ROS
Antioxidant
Mitochondrial quality
maintained
mtDNA deletion
and 
Petite phenotype
h as nitrogen starvation, mitophagy eliminates mitochondria and reduces reactive oxygen
ondria produce excess ROS, which in turn can damagemitochondria. Damaged mitochon-
amagedmtDNA show the petite phenotype. Greenmitochondria, intact; redmitochondria,
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mitophagy.However, the following issues remainunknown.1)Phosphor-
ylation of Atg32 is mediated by CK2. However, it is unclear how CK2,
which has constitutive kinase activity, phosphorylates Atg32 only when
mitophagy is induced. Because the Hog1 signaling pathway is required
for Atg32 phosphorylation, phosphorylation of Atg32 by CK2 might be
regulated downstream of CK2. Similarly, phosphorylation of the receptor
protein for the Cvt pathway, Atg19, and pexophagy, Atg36, are phosphor-
ylated by Hrr25, which is also constitutively active. How the receptor
proteins of selective autophagy are regulated needs to be understood.
The signaling pathway for the MAP kinase Slt2 is also important for
mitophagy. However, the mitophagy-related molecular processes down-
stream of Slt2 are unknown. Recently, MAPK1 (ERK2) and MAPK14
(p38α) signaling pathways were reported to be required for mitophagy
in mammalian cells [116]. The relationship between MAP kinases and
mitophagyneeds to be studied tounderstand the regulation ofmitophagy
in yeast and mammals. 2) Atg32 expression is suppressed by Tor and the
downstream Ume6–Sin3–Rpd3 complex. However, Ume6-, Sin3-, or
Rpd3-deleted cells do not express Atg32 at a comparable level to starved
cells [72]. Presumably, the expression of Atg32 is also regulated by levels
of transcription factors or rates of translation.
The largest open question aboutmitophagy in yeastmay bewhether
mitophagy can select damaged or dysfunctional mitochondria as a
cargo. This question is directly related to the physiological importance
of mitophagy in yeast. In mammalian cells, there is accumulating
evidence that dysfunctional (or depolarized) mitochondria are degrad-
ed by mitophagy [34,35]. In yeast, there is no doubt that mitophagy
selectively degrades mitochondria. However, to the best of our knowl-
edge, there is no experimental evidence that mitophagy selects
damaged, but not intact, mitochondria for degradation. Identiﬁcation
of howmitophagy could distinguish damaged from intact mitochondria
is important, if such a system exists in yeast.
Because mitophagy is evolutionarily conserved, we speculate that
there are similar molecular processes, regulatory mechanisms, and
physiological roles in yeast and mammals. The interplay of yeast and
mammalian mitophagy studies will consolidate our understanding of
this cellular process.
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